Fatigue crack growth testing of Inconel 718 has been carried out at the temperatures 550°C and 650°C. The tests were conducted using a mix of hold times and pure cyclic loading, referred to as block tests. From the test results, the existence of an embrittled volume or damaged zone in the vicinity of the crack tip has been revealed. It has been found that the evolution of this damaged zone can be sufficiently well described using a power law function with an exponent n=0.25.
Introduction
In gas turbines it is important to design for as high gas temperatures as possible in order to attain a high thermal efficiency [1] . For jet engines, an increased temperature opens up for higher payloads, speed increase and a greater range. In the case of power generating gas turbines, the increase of temperature leads to lower fuel consumption, reduced pollution and thus lower costs [2] . The high-temperature load carrying ability of critical components is therefore one of the most important factors that set the limits in gas turbine design. Even though high temperature resistant superalloys are used, hot components are usually designed to run near their temperature and load limits. Uncertainties in models and methods used for fatigue life prediction under these circumstances are thus very problematic. Among the most important questions in gas turbine design today is therefore how to predict the life of such components.
In this work, the growth of semi-elliptic surface cracks in test specimens of Inconel 718 has been studied at the temperatures 550°C and 650°C under a mix of hold times and cyclic loading called block tests. Focus has been on quantifying the evolution an embrittlement caused by the hold time at high temperature. This damage, manifested by a damaged zone, see e.g. by Liu et al. [3] , is investigated with respect to its effect on the crack growth behavior. Furthermore, the size of the damaged zone is evaluated. These results are then used in an attempt to model the evolution of the stabilized damaged zone size.
Material and experimental procedure

Material data
The material used in this test series was Inconel 718. It is a wrought polycrystalline nickel based superalloy with a large amount of Fe and Cr. The composition (in weight %) of Inconel 718 is presented in Table 1 . The material was delivered in the form of bars with a diameter of 25.4 mm and was subsequently solution treated and aged according to the AMS 5663 standard. The line intercept method was used to estimate the grain size to be approximately 10 m. 
Experimental procedure
Crack growth experiments were conducted on Kb-type specimens with rectangular cross sections of 4.3 x 10.2 mm. An initial starter notch of nominal dimension depth 0.075 mm and total width of 0.15 mm was generated using electro discharge machining (EDM). Before the high temperature testing was carried out, the specimens were fatigue precracked at room temperature at R=0.05, to obtain a sharp semicircular crack with a depth of about 0.2 mm. The fatigue crack growth testing was then carried out under load control using an MTS servo hydralic machine with a maximum load capacity of 160 kN, an Instron 8800 control system and the software WaveMaker. The furnace used was an MTS high temperature furnace with three temperature zones (model 652.01/MTS with a temperature controller of model 409.81). The crack propagation was monitored by the direct current Potential Drop (PD) technique according to ASTM E 647 [4] [5] using a Matelect DCM-1, 2 channel pulsed DCPD system. All tests were performed using a stress ratio of R=0.05.
In previous studies, Gustafsson et al. [6] [7] presented results regarding the fatigue crack growth behaviour of Inconel 718 with high temperature hold times. A cyclic baseline test series and a hold time (HT) test series were performed. In [7] , to get indications of the embrittled volume (damaged zone) and its size a special test series was conducted. In these tests cyclic and hold time loadings were alternated in separate blocks, referred to as block tests. In detail they start with a cyclic loading (without hold time) up to a specific crack length, then hold time loadings up to a specific crack length and then both of these steps again, thus ending with a hold time crack growth period, see Fig 1. Each of the four blocks is run over an equal amount of crack length which for the specified initial and final crack lengths became approximately 0.6 mm. In this paper, we will mainly focus on the block tests, which were run at two different temperatures, 550°C and 650°C and with several different lengths of the hold times. In addition to the block tests presented in [7] , an additional block test has been carried out at 550°C with 180 s hold time, in order to investigate the time dependent evolution of the stabilized damaged zone. A summary of all block tests is presented in Table 2 . It can be noted, that it in [7] it was shown that the stabilized levels of crack growth found in the block tests showed good agreement to the corresponding hold time and baseline tests. 
Concept of a damaged zone
The crack propagation behaviour of Inconel 718 under high temperature hold times is significantly different from the ordinary cyclic crack propagation behaviour of the material. It has in [6] and [8] previously been shown that for pure cyclic tests the active fracture mode is mainly transgranular cracking, while for hold time tests the active fracture mode is mainly intergranular cracking. It has further been shown in [7] that this intergranular cracking can be related to a damaged zone in the vicinity of the crack tip. The damaged zone can be defined as the volume surrounding the crack tip where the material resistance to crack growth has been damaged by environmental degradation, see "Mechanisms" below.
Mechanisms
The underlying mechanisms of the interaction between oxygen and the crack tip material are still not fully understood. However, two dominating theories can be found: stress accelerated grain boundary oxidation (SAGBO) and dynamic embrittlement (DE) [9] . The SAGBO process involves oxidation of grain boundaries ahead of the crack tip and subsequent cracking of the oxide, exposing new surfaces to the oxygen. The DE theory on the other hand advocates embrittling of the grain boundary by oxygen diffusion, separation of the embrittled boundaries and subsequent oxidation of fresh surfaces. DE requires oxygen diffusion over very short distances, which has been shown to be consistent with the rapid halting of a crack growing under sustained load when the oxygen pressure is removed [10] .
Size investigation
The block tests were designed to investigate the approximate size and mechanical effect of this damaged zone. compared to stabilized pure cyclic crack growth found in the transients after the hold time period in the block tests can be interpretated as a manifestation of a damaged region, where the embrittlement affects the fatigue crack growth behaviour. The damaged zone essentially lowers the resistance to fatigue crack growth. It is believed that during this transient, the crack progressively propagates through the damaged zone. Thus, it is believed that the length of this transient can represent an approximate measure of the length of the damaged zone. The start and stop of the transient have been estimated and from that the respective crack lengths are calculated. As discussed previously, the difference between these crack lengths can be assumed to represent the length of the damaged zone, see Fig 3(a) . The size of the damaged zone can also be measured in a crack length vs. time plot. Here the damaged zone is manifested by the transient from the almost horizontal crack growth during the hold time cycle block and the stabilized level of cyclic crack growth during pure cycling, see Fig 3(b) . Table 3 shows a summary of the lengths of damaged zone found in the block tests. Mean values of the results from the methods previously described have been used to obtain the values. For the test at 550°C with 21600 s hold time it is difficult to see how well it has stabilized at the level of pure hold time crack growth. However, for this test it is assumed that it has reached a stabilized state, and since the level of K at the switch between blocks is known, it is possible to calculate an approximate measure of the damaged zone length also for this test. Furthermore, at 550°C with 90 s and 180 s hold time, it is rather difficult to exactly determine the lengths of the damaged zone, regardless of the method used for calculating the length. However, it may be concluded that the damaged zone is growing with hold time duration and temperature. At the start of each hold time block a transient behaviour with an increasing crack growth rate can also clearly be seen. It may be interpreted as the inverse of the above described transient at the start of a block with cyclic loading. During this transient it is believed that the damaged zone is evolving up to a steady state level, thus causing the increase of crack growth rate. 
Modelling of the damaged zone
When modelling the crack growth of Inconel 718 subjected to high temperature hold times, it is of large importance to be able to describe the evolution of the damaged zone in a correct way. It has previously in [7] been shown that both the crack growth during load reversal and during the hold time is heavily dependent on the size of the damaged zone. In this work the length of the stabilized damaged zone after different hold time lengths has been measured. When plotted into a diagram showing damaged zone size vs. hold time a highly non-linear behavior is revealed, see Fig 4 . It is to be noted that only the 550°C tests are available for this type of evaluation since only one test at 650°C has been conducted. In the literature this type of damage zone growth is normally modelled using an Arrhenius function, linear in time, c.f. Liu et al. [3] or using a power law model, c.f. Kruch et al. [11] . Since our experiments reveal highly non-linear growth behaviour of the damaged zone, a power law function is proposed to model its evolution at 550°C. After calibration to the experimental values for the 550°C tests, using a weighted least square method with extra weight on the first and the last experimental point, the following relation was obtained (1) where x is the damaged zone size, t is hold time length and C and n are constants. As can be seen in Fig 4 the model fits the experimental results well. In [11] the proposed value of the exponent n is 0.25 for cases with oxygen penetration which fit well with the calibrated exponent n found in this work. 
Summary and conclusions
The evolution of the damaged zone has been studied under high temperature fatigue crack growth testing of Inconel 718 at the temperatures 550°C and 650°C. The tests were conducted using a mix of hold time loading and cyclic loading called block tests. The main conclusions are:
From the block test an embrittled volume or damaged zone is revealed This damaged zone constitutes a region of material in the vicinity of the crack tip with lower crack growth resistance due to environmental degradation The size of the damaged zone increases with temperature and hold time duration The isothermal evolution of the damaged zone with respect to hold time duration can be sufficiently well described by using a power law function with an exponent n=2.5
